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Abstract
Within the framework of low-scale Type I seesaw models with two and three extra sterile neutrinos we evaluate the
production of the sterile states in the Early Universe. We explore the full parameter space and ﬁnd that in the model
with two extra states both of them reach thermal equilibrium with the primordial plasma. In the model with three
sterile neutrinos, if the lightest active neutrino mass is below O(10−3eV) one sterile neutrino might not thermalize,
while the other two always reach thermalization. Applying constrains from both extra radiation at BBN and CMB, and
the dark matter allowed abundance, we show that the spectra of heavier states are severely restricted in the mass range
1eV - 100MeV. The possible impact of extra sterile neutrinos on neutrinoless double beta decay is also discussed.
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1. Introduction
One of the simplest extensions of the Standard Model
(SM) that can account for non zero neutrino masses are
Type I seesaw models [1]. Lepton sector is extended by
adding N right-handed Majorana neutrinos. These mod-
els are called minimal neutrino models (denoted by 3+N
MM). The Majorana mass, denoted by M constitutes the
new physics scale and is currently unknown. Light ac-
tive neutrino masses can be achieved either by pushing
M to a large scale (∼ 1015GeV for the Yukawa cou-
plings of order one), or by setting an arbitrary scale and
adjusting the Yukawa couplings accordingly. The latter
is not unnatural since in the limit of M → 0 the global
lepton number symmetry is recovered by the pairing of
the Majorana neutrinos into Dirac particles. The deter-
mination of this scale is an important open question in
physics.
Depending on the sterile neutrino masses, diﬀerent
phenomena can be explained. Masses around 1 eV
can explain LSND/MiniBooNE and reactor anomalies
[2, 3]. Sterile species in the mass range of few keV can
be good candidates for warm dark matter [4, 5, 6, 7],
while species in the O(GeV) mass range could account
for the baryon asymmetry in the Universe [8, 9].
Light sterile neutrino can contribute signiﬁcantly to
the energy density of the Universe, depending on the
active-sterile neutrino mixing. If they are relativistic at
the time of BBN and/or CMB they will contribute to the
extra radiation quantiﬁed as
ΔNeﬀ ≡ s
0ν
, (1)
where s and 0ν are the energy densities of the ster-
ile neutrino and one SM massless neutrino respec-
tively. Primordial helium abundance analysis sets it to
be NBBNeﬀ = 3.5 ± 0.2 at big bang nucleosynthesis [10].
The value of extra radiation at the time of last scattering,
given by Planck data combined with WMAP-9 polariza-
tion data, high multipole measurements from the South
Pole Telescope and the Atacama Cosmology Telescope
is NCMBeﬀ = 3.30 ± 0.27 [11].
The energy density of a non-relativistic stable sterile
neutrino is bounded to be smaller than the dark matter
density. Relative energy fraction of the sterile specie j
is given by:
Ωs jh
2 = 10−2Mj(eV)ΔN
( j)BBN
e f f , (2)
with ΔN( j)BBNe f f deﬁned as the ratio of the number den-
sities of the sterile over SM active neutrino. Current
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measurement from Planck sets Ωch2 = 0.1196 ± 0.0031
at 2σ CL.
We will show that the values for allowed extra radi-
ation/ matter densities severely restrict mass spectra of
the sterile states in the range 1 eV - 100 MeV in 3 + 2
[12] and 3 + 3 [13] minimal neutrino models.
2. The model
We are interested in testing Type I seesaw model with
2 and 3 extra sterile neutrinos described by the most
general renormalizable Lagrangian including N extra
singlet Weyl fermions, νiR:
L = LS M−
∑
α,i
L¯αYαiΦ˜νiR−
N∑
i, j=1
1
2
ν¯icR M
i j
Nν
j
R+h.c.,(3)
where Y is a 3 × N complex matrix and MN a diagonal
real matrix. In the case N = 2 the parameters of the
model are four Majorana masses, four angles and four
CP phases, while in the case N = 3 there are six Majo-
rana masses, six angles and six CP phases [14, 15]. The
mass matrix can be diagonalized by an unitary matrix U
Mν = U∗ Diag(ml,Mh) U†. (4)
Here, ml = Diag(m1,m2,m3) and Mh =
Diag(M1, ...,MN), are the masses of the light (mostly
active) and the heavy (mostly sterile) neutrinos. Denot-
ing by a the active neutrinos and by s the sterile ones,
we will conveniently write the unitary matrix in the
active-sterile blocks:
U =
(
Uaa Uas
Usa Uss
)
. (5)
The evolution of the neutrino species in the Early uni-
verse is given by the kinetic equation in the density ma-
trix formalism [16, 17, 18]:
ρ˙ = −i[Hˆ, ρ] − 12 {Γ, ρ − ρeqIA},
where ρ is the density matrix of 3 + N neutrino species,
and ρeq is a thermal equilibrium distribution of the sys-
tem, which is Fermi-Dirac in our case of fermions. Hˆ
is the Hamiltonian describing relativistic particles in
plasma
Hˆ = U
(
m2l
2p
,
M2h
2p
)
UT + Diag(Ve,Vμ,Vτ, 0, 0), (6)
where p is the momentum, V = Diag
(
Ve,Vμ,Vτ, 0, 0
)
is the potential induced by coherent scattering of
neutrinos in the matter [19]. The dumping term
Γ = Diag
(
Γe, Γμ, Γτ, 0, 0
)
describes coherence breaking
scattering [20, 21], and its most complete computation
is a two-loop analysis of the imaginary part of the neu-
trino self energy presented in [21]. We will omit quark
contribution since we want to put conservative bound on
the allowed sterile neutrinos parameter space by mini-
mizing the thermalization, and quark contribution can
only enlarge it. Values for Γ with only leptonic eﬀects,
together with Vα are given in [13], where zero lepton
primordial asymmetry is assumed.
Although the precise analysis would require solving a
6×6 matrix equation, the problem can be simpliﬁed to a
set of decoupled 2×2 equations for each sterile neutrino
s j:
ρ˙s j (T ) = Γs j (T ) 
1
2
Γνα (T )
∑
α=e,μ,τ
〈P(νa → νs j )〉
(
ρs j − ρeq
)
,(7)
Here 〈P(νa → νs j )〉 is the averaged probability of active-
sterile neutrino oscillations given as:
〈P(νa → νs j )〉 =
⎛⎜⎜⎜⎜⎜⎝ M
2
j
2pVα(T ) − M2j
⎞⎟⎟⎟⎟⎟⎠
2
| (Uas)α j |2. (8)
Introducing a function that measures production rate in
units of Hubble expansion 1:
fs j (T ) ≡
Γs j (T )
H(T )
(9)
contribution to ΔNeﬀ of one neutrino at the decoupling
temperature Td is approximated:
Neﬀ j (Td)  NS Meﬀ +
(
1 − exp(−α fs j (T jmax))
)
, (10)
where α is an order one coeﬃcient, and Tmax is the tem-
perature where sterile neutrino is maximally produced.
From eq. (10) a rough estimate of neutrino thermaliza-
tion is
fs j (Tmax) ≥ 1, (11)
which is consistent with the naive expectation [22]. If
the sterile neutrinos are non-relativistic at the time of
decoupling their contribution will be Boltzmann sup-
pressed and negligible at BBN. Using bounds on active-
sterile mixing matrix elements from direct searches and
rare leptonic decays [23, 24] we maximize the decou-
pling temperature as a function of the sterile neutrino
mass, as shown in the Fig. 1 for both normal (red), and
inverted (blue) hierarchy 2. The dashed line corresponds
to Td = Mi, which means that for the masses below
1In the radiation dominated universe Hubble expansion is H(T ) =√
4π3g∗(T )
45
T2
MPlanck
, with g∗(T ) the number of relativistic degrees of
freedom.
2We assume that the mass of the sterile ones is always heavier then
the mass of the active ones, so the normal/inverted hierarchy refers
only to active neutrino sector.
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Figure 1: Maximal decoupling temperature Td as a function of the
sterile neutrino mass, taking into account the direct searches limits, for
both normal (solid red line) and inverted hierarchy (solid blue line).
The black dash line corresponds to limit Td = Mi. Dashed red (blue)
lines correspond to minimization of fsi (Tmax) in the 3+2MM.
∼ 100 MeV neutrinos always decouple while being rel-
ativistic (area on the left from the dashed line). Another
eﬀect that can reduce ΔNeﬀ(T0) is the entropy dilution
which leads to ΔNeﬀ(T0) ∼ ΔNe f f (Td) g
∗
s(T0)
g∗ s(Td)
.
Estimating maximal sterile neutrino production, by
minimizing their thermalization rates, we will try to ex-
clude some part of wide parameter space for both 3+2
and 3+3 minimal models.
3. 3+2 minimal model
For a given set of mixing and mass parameters, and
taking the average momentum p = 3.15 T , we obtain
the following general lower bound for fs j (T ):
fs j (Tmax) ≥ fB(T τmax) =
∑
α | (Uas)α j |2Mj
3.25 · 10−3eV . (12)
Therefore, the analytic lower bound does not depend on
the angles and CP-phases of the PMNS matrix. It de-
pends only on the undetermined Casas-Ibarra parame-
ters and the light neutrino masses, and, taking into ac-
count naive seesaw scaling Uas ∼ ml/Mj, one can con-
clude that it is almost independent of the sterile neutrino
mass. To do the numerical minimization we ﬁx 3 an-
gles and 2 mass splitting in the UPMNS matrix to its best
ﬁt from the oscillation experiments analysis, and mini-
mize function f j over the other unknown parameters. As
it can be seen in Fig. 2 f j is always bigger then one for
both inverse and normal hierarchy, so the thermalization
condition (11) is always satisﬁed.
To check the analytic estimate we solve numerically
eq. (7) and calculate ΔNe f f at BBN. The Fig. 3 is a con-
tour plot of ΔNe f f as a function of the heavy neutrino
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Figure 2: Minimum of the thermalization function fs j as a function
of the sterile neutrino mass, for both normal (red) and inverted (blue)
hierarchy.
masses. Bold red (blue) line represents 2σ allowed val-
ues of BBN analysis for normal (inverted) hierarchy.
The mass range Mj  10 − 100 keV would be ex-
cluded from BBN analysis only. For higher masses, di-
lution is suﬃcient to avoid BBN bounds, but contribu-
tion to the total energy density would still be too large.
If the neutrinos are stable until CMB time, the bound
for dark matter abundance would apply, and (2) would
exclude such high masses. If they decay between BBN
and CMB, they transfer their energy to the active neutri-
nos which are already decoupled from the plasma, and
still contribute to the extra radiation enhanced by a fac-
tor ∝ Mj/T ( j)dec compared to the one at BBN, where T ( j)dec
is the decay temperature of the j-th species [25]. Ratio
Mj/T
( j)
dec is very large so the CMB measurements ex-
clude this scenario too. The case in which they decay
at BBN or before (this can happen only for the masses
above 10 MeV) has been considered in detail in [26, 27]
and is excluded in the range 10−140 MeV. Sub-eV neu-
trino would still be allowed by BBN and CMB data.
However CMB and LSS measurements close this win-
dow all the way down to M1 ≤ 0.36 eV or so at 95%
CL[27].
To summarize, the allowed mass range for the model
with two additional sterile neutrinos is:
• M1 ≤ 1eV and M2 ≥ 100 MeV,
• M1 M2 ≥ 100 MeV.
4. 3+3 minimal model
A rough behaviour of the thermalization function f j
in this model can be estimated by further simpliﬁcation
of (12), using Casas-Ibarra parametrization scaling∑
α
| (Uas)α j |2Mj =
(
R†mlR
)
j j
≡ h j,
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Figure 3: Contour plot of ΔNeﬀ as a function of the heavy masses, for
both for normal and inverted hierarchy. Bold red and blue contours
are allowed 2σ BBN bounds.
where R is a general 3 × 3 complex orthogonal matrix.
Deﬁning
h j =
∑
α
|Rα j|2mα ≥ |
∑
α
R2α jm1| = m1, (13)
minimum of the thermalization function becomes
fs j (Tmax) ≥
h j
3.25 · 10−3eV ≥
m1
3.25 · 10−3eV ≡
m1
mth1
,(14)
which deﬁnes mth1 . Therefore, for sterile neutrino to en-
ter thermal equilibrium with the plasma suﬃcient con-
dition is m1 ≥ mth1 .
In Fig. 4 we show the contour plot of the numeri-
cal minimization of fs1 (Tmax) as a function of m1 and
M1, where we minimize over all unconstrained param-
eters in their full range . The three lines correspond
to Min[ fs1 (Tmax)] = 10
−1, 1, 10. The threshold value
m1 ∼ O(10−3 eV) above which all three neutrino ther-
malize corresponds to the contour line fsi = 1,and
is in agreement with our analytic bound. Although
m1 ≤ m1th is a necessary condition for one neutrino not
to thermalize, it turns out that more stringent condition
fs j (Tmax) ≥ h j/(3.25 · 10−3 eV) is always satisﬁed for at
least two out of three extra neutrinos independently of
the active neutrino absolute mass scale.
We will analyse the allowed mass spectra of the ster-
ile neutrinos for m1 ≥ mth1 and m1 ≤ mth1 .
4.1. m1 ≥ mth1
In this case, the three sterile states thermalize, each of
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Figure 4: Contours of Min[ fsi (Tmax)] = 0.1, 1, 10 on the plane (M1
,m1 ).
them contributing with ΔN( j)eﬀ (Tdj ) ≈ 1 at their decou-
pling temperature, Tdj . Similar to the previous analysis
for a 3+2 MM, we can exclude masses up to ∼ 100
MeV, and allow one sub-eV sterile neutrino. Allowed
values for the sterile neutrino masses in this case are:
• M1 ≤ 1eV and M2,M3 ≥ 100 MeV,
• M1 M2,M3 ≥ 100 MeV.
4.2. m1 ≤ mth1
If the lightest neutrino mass is below mth1 , one of the
states might not thermalize. Without loss of generality
we can take it to be the lightest sterile state, although it
could be any other. In this case the contribution of two
heavier thermalized neutrinos is eﬀectively the same as
in the 3 + 2 case, so all the bounds from the previous
analysis apply here as well. We checked numerically
that ΔNBBNeﬀ of this two states remains unchanged by
varying the lightest active neutrino mass.
On the other hand, the contribution of the non-
thermal lightest sterile neutrino M1 is strongly depen-
dent on m1 and M1, as we show in the Fig. 5. The
shaded region is excluded by Planck constrain for dark
matter, corresponding to Ωs1h
2 = Ωmh2 = 0.1199. The
vertical dash line corresponds to the decay of the sterile
neutrino after BBN, where it would contribute too much
to the ΔNCMBeﬀ , so, therefore, the region on the right of
this curve is also excluded. We note that for M1 in the
keV range, where it could be a warm dark matter can-
didate, the allowed region requires m1  O(10−5 eV),
which is in good agreement with the bound derived in
[7, 21]. The results we show are for normal hierarchy
of the light neutrino spectrum, but the results for inverse
hierarchy are almost identical if we exchange m1 → m3.
To summarize, if the lightest neutrino mass is below
O(10−3), the mass scale for one of the heavy sterile neu-
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Figure 5: Allowed region for the non-thermal sterile neutrino mass
M1 as a function of the lightest neutrino mass m1.
trinos is unconstrained, while the result of 3+2 MM ap-
ply for the two other heavy states:
• M1 unconstrained, M2 ≤ 1eV M3 ≥ 100 MeV
• M1 unconstrained ,M2,M3 ≥ 100 MeV.
5. Impact on Neutrinoless Double Beta Decay
Since the extra sterile states are Majorana particle,
they can contribute to neutrinoless double beta decay
amplitude. The contribution of the sterile states above
100 MeV would be generally sub-leading [28, 29], but,
since in the 3 + 3 models mass M1 is not constrained, it
contributes to the amplitude as:
mββ = eiαm1c212c
2
13+e
iβm2c213s
2
12+m3s
2
13+(Uas)
2
e4 M1.(15)
If all three sterile neutrino masses are above 100 MeV
the results is the same as in the standard 3 neutrino pic-
ture (red for normal and blue for inverted hierarchy).
However, if the lightest active neutrino mass is below
the threshold there will be a contribution of the non-
thermal sterile state, but as shown at Fig. 6 this contribu-
tion is well below the (optimistic) sensitivity of the next-
to-next generation of ββ0ν decay experiments, 10−2 eV.
If we insist on having one non-thermal neutrino in
the mass range 1 eV - 100 MeV (for example a warm
dark matter candidate), we see that the shaded region
where quasi-degenerate light neutrino spectrum can oc-
cur would be excluded, as well as the region of the pa-
rameter space in which a cancellation can occur in the
active neutrino contribution.
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Figure 6: mββ as a function of the lightest neutrino mass: contribution
from the active neutrinos (red and blue regions) and the maximum
contribution of the lightest sterile neutrino, for M1 = 1 eV (solid), 100
eV (dashed), 1 keV (dotted), for normal (black) and inverted (red)
hierarchy, for M2,3 100 MeV, as a function of the lightest neutrino
mass. The shaded region corresponds to m1 ≥ mth.
The eﬀect of a thermal sub-eV sterile neutrino on the
ββ0ν decay can be signiﬁcant but is subject to oscil-
lation experiment analysis, which was not considered
here.
6. Conclusions
We have studied cosmological bounds on the sterile
neutrino mass spectrum in the standard Type I seesaw
models with 2 and 3 additional states. We have found
that in the model with 2 states both of the additional
neutrinos always thermalize and decouple while being
relativistic. Such thermal neutrinos would contribute
too much to the energy density of the Early Universe
and are strongly disfavoured by the CMB and BBN data
in the mass range 1 eV≤ Mj ≤ 100 MeV. The picture
with 3 additional states is a bit more complicated and
the conclusion depends on the absolute mass scale of the
active neutrinos. If the lightest neutrino mass is above
O(10−3eV) all three sterile states will thermalize and,
therefore, would be excluded in the previously men-
tioned mass range. For the case of the lightest neutrino
mass below this threshold, one non-thermal sterile neu-
trino is allowed by the BBN and CMB bounds, but its
mass is strongly correlated with the value of m1. In this
scenario, keV neutrino could still be a dark matter can-
didate if the lightest neutrino mass is below O(10−5 eV).
Both of the models allow species above 100 MeV, that
can account for baryon asymmetry, and sub-eV species
that might give an explanation of oscillation neutrino
M. Kekic / Nuclear and Particle Physics Proceedings 273–275 (2016) 1783–1788 1787
anomalies. The mass range can further be constrained
from oscillation neutrino experiments analysis, which
we leave for future work.
Finally, we have studied impact of the cosmolog-
ical bounds on the neutrinoless double beta decay.
We conclude that the eﬀect of the extra states is al-
ways sub-leading. Nonetheless, if the scenario with
one non-thermal sterile neutrino is realized, the bound
on the lightest neutrino mass would exclude a quasi-
degenerate light neutrino spectra. The region of the pa-
rameter space in which a cancellation can take place in
the active neutrino contribution is also excluded in this
scenario.
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